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SUMMARY

Macrophage-mediated inflammation is critical in the pathogenesis of non-alcoholic steatohepatitis (NASH).
Here, we describe that, with high-fat, high-sucrose-diet feeding, mature TIM4pos Kupffer cells (KCs) decrease
in number, while monocyte-derived Tim4neg macrophages accumulate. In concert, monocyte-derived infiltrating macrophages enter the liver and consist of a transitional subset that expresses Cx3cr1/Ccr2 and a
second subset characterized by expression of Trem2, Cd63, Cd9, and Gpmnb; markers ascribed to lipidassociated macrophages (LAMs). The Cx3cr1/Ccr2-expressing macrophages, referred to as C-LAMs,
localize to macrophage aggregates and hepatic crown-like structures (hCLSs) in the steatotic liver. In C-motif
chemokine receptor 2 (Ccr2)-deficient mice, C-LAMs fail to appear in the liver, and this prevents hCLS formation, reduces LAM numbers, and increases liver fibrosis. Taken together, our data reveal dynamic changes in
liver macrophage subsets during the pathogenesis of NASH and link these shifts to pathologic tissue remodeling.

INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) represents a spectrum of liver abnormalities, including an increase in intrahepatic lipid content (i.e., steatosis) with or without inflammation
and fibrosis (i.e., nonalcoholic steatohepatitis [NASH]). NASH
is common in people with obesity and diabetes and accounts
for an increasing number of patients with cirrhosis and liver
failure (Fabbrini et al., 2010; Vernon et al., 2011; Wree et al.,
2013). Macrophages are thought to play an important role in
the initiation and propagation of liver inflammation and the
regulation of liver fibrosis (Kazankov et al., 2019). However,
the cellular and molecular pathways that regulate these
events are poorly understood and controversial. This is particularly relevant given the heterogeneity of monocyte and
macrophage populations that exist in homeostasis and
disease.
Kupffer cells (KCs) are the resident macrophages in the
liver. These macrophages are predominantly yolk-sac derived
and are capable of self-renewal (Schulz et al., 2012). They
reside in the liver sinusoids where they play a critical role in
phagocytosis of blood-borne toxins/particulates (Gomez Per-

diguero et al., 2015; Rogoff and Lipsky, 1981). Liver monocytes and monocyte-derived macrophages (MdMs) are
short-lived cells and are present at low levels during physiologic conditions. Resident KCs can be distinguished from
MdMs based on a number of cell markers. KCs are F4/80hi
and CD11bint, whereas monocytes and MdMs tend to be
CD11bhi and F4/80int (Guillot and Tacke, 2019). KCs do not
express CCR2 or CX3CR1, whereas these surface receptors
tend to be abundantly expressed on MdMs (Yona et al.,
2013). More recently, specific markers of KCs have been identified including TIM4, CLEC4F, and VSIG4 (Beattie et al., 2016;
Scott et al., 2016). Monocytes do not contribute to the KC
pool under homeostatic conditions; however, if KCs are
depleted, monocyte-derived cells can enter the KC niche
and take on the majority of KC features, including CLEC4F
and VSIG4 expression (Beattie et al., 2016; Scott et al.,
2016). TIM4 expression is delayed in these monocyte-derived
cells, allowing for the identification of CLEC4Fpos, TIM4neg
monocyte-derived KCs (Mo-KCs) (Bonnardel et al., 2019; Sakai et al., 2019; Scott et al., 2016).
The biologic heterogeneity and interplay between recruited
and resident macrophages in NASH have been difficult to
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resolve because most studies have used general macrophage
markers (CD11b, F4/80, CD68) and global depletion strategies
to assess macrophage composition and function (Huang et al.,
2010; Neyrinck et al., 2009; Reid et al., 2016; Stienstra et al.,
2010; Tosello-Trampont et al., 2012). M1 and M2 nomenclature
has also failed to describe diversity of macrophage phenotypes
observed in obesity (Hill et al., 2018; Jaitin et al., 2019). The use
of bulk and single-cell RNA-sequencing (scRNA-seq) has allowed for better resolution of macrophage heterogeneity in
NAFLD/NASH (Krenkel et al., 2020; McGettigan et al., 2019).
A recent study indicated the emergence of NASH-associated
macrophages (NAMs), which were proposed to be KCs with
high expression of Trem2, Cd9, and Gpnmb (Xiong et al.,
2019). These macrophages appear similar to the Trem2/Cd9expressing macrophages that accumulate in the adipose tissue
with obesity and have been referred to as lipid-associated
macrophages (LAMs) (Jaitin et al., 2019). However, it is unclear
whether NAMs are newly recruited MdMs or represent a reprogramming of resident KCs. Moreover, the impact of these
macrophages on the pathogenesis of NASH is also unknown.
The prevailing dogma is that KCs and total liver macrophage
content increases during NASH progression. However, this
notion has recently been challenged by a study conducted in a
methionine-choline deficient (MCD) model of NASH (Devisscher
et al., 2017). This study suggested that resident KCs may
decrease during hepatic steatosis but are able to repopulate
via recruitment of monocytes and KC proliferation after removal
of the dietary stress. Whether similar events happen in models of
NAFLD that more closely mimics the disease in people has not
been determined.
In mice and humans with NASH macrophages often form
clusters or aggregates in the liver, particularly in areas of macrovesicular steatosis. These cellular aggregates, known as hepatic crown-like structures (hCLSs), or lipogranulomas, are
associated with the transition from simple steatosis to NASH
(Ioannou et al., 2013, 2015, 2017; Kleiner et al., 2005; Tandra
et al., 2011). The contribution of resident and/or recruited
macrophages to the formation of these cell aggregates and
whether these structures are detrimental or adaptive has
been controversial (Itoh et al., 2013, 2017). The purpose of
the present study was to investigate the dynamics of resident
and recruited hepatic macrophage populations and to gain
insight into their functional roles during the progression of
NASH. Our data demonstrate that, in response to a high-fat,
high-sucrose diet (HFD), the number of F4/80hi macrophages
remains constant; however, the composition changes with a
decrease in the number of resident KCs and an increase in

MdMs within the ‘‘KC’’ gate (i.e., F480hi/CD11bint). MdMs
were TIM4neg and could be divided into subsets in part based
on based on expression of Cx3cr1, LAM markers (Gpnmb,
CD63), and KC markers (VSIG4, CLEC4F) expression. MdMs
expressing Cx3cr1/Ccr2 localized to the hCLS and interacted
other MdMs in these clusters. The expression of LAM markers
was also highly enriched in the hCLS. Using Ccr2 knockout
(KO) mice, we provide evidence that MdMs preferentially
accumulate in hCLSs, are required for hCLS formation, and
appear to protect against adverse liver remodeling during
NASH.
RESULTS
Mouse Model of NAFLD
To investigate the dynamics of macrophage populations in
NAFLD, we first characterized the progression of obesity, insulin
resistance, and liver steatosis in C57BL/6 mice fed a HFD. Male
littermate mice were placed on a HFD in 8 week increments to
allow comparison of metabolic and inflammatory phenotypes
between mice of the same age. Using this approach, mice experienced a period of rapid weight gain during the first 8 weeks of a
HFD followed by a period of slower weight gain from 8–24 weeks
(Figure 1A). The final weight of mice on a HFD for 8, 16, or
24 weeks approached a similar peak. As expected, HFD feeding
was associated with progressively worsening insulin resistance
(Figure S1). Liver weight began to increase after 8 weeks on a
HFD but accelerated between 16 and 24 weeks on a HFD (Figure S1). The concentration of triglycerides in liver tissue
increased early and remained elevated throughout the study
(Figure 1B). This was associated with increased expression of
lipid droplet proteins and evidence of steatosis on histology (Figures 1C and 1E).
Histologic assessment demonstrated that liver steatosis
occurred in a regional pattern (Figure 1E). Mice fed a HFD for
8 weeks exhibited pericentral steatosis, similar to what has
been described for early stages of NAFLD in humans (Brunt
et al., 1999). With increasing time on the diet, the amount of
macrovesicular steatosis increased and steatosis began to
involve the periportal region of the liver. In conjunction with
worsening steatosis, markers of liver fibrosis also began to increase by 24 weeks of a HFD (Figure 1D). Picrosirius red staining (PRS) of liver sections confirmed increasing interstitial
‘‘chicken-wire’’ fibrosis (Figure 1E). Thus, HFD feeding leads
to weight gain, insulin resistance, liver steatosis, and liver
fibrosis, which are hallmarks of the metabolic syndrome and
early NASH in humans.

Figure 1. Accumulation of TIM4neg Macrophages in a Mouse Model of NASH
(A) Body weight of C57BL/6 male mice fed a HFD for the indicated time.
(B–D) Liver triglyceride (B) and mRNA markers of steatosis (C) and fibrosis (D) were quantified.
(E) H&E (top panels) and picrosirius red (bottom panels) from liver tissue.
(F) Flow-cytometry plots are shown for CD45+, live, singlets (top panels). Representative plots of F4/80hi cells (red gate) were analyzed for expression of TIM4
(bottom panels).
(G) Quantification of flow data per gram of liver tissue.
(H) Percentage of F4/80hi cells that are TIM4neg over course of HFD feeding.
In (A), each dot represents the mean ± SEM and in (B)–(D). In (G), each dot represents a single mouse, and the mean is shown (n = 7–8 mice/group). The data
represent the results of one independent experiment with n = 7–8 mice per group. *p < 0.05 for HFD versus STD. Scale bars, 250 mm
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Macrophage Dynamics with NAFLD Progression
To understand the dynamics of macrophage biology during the
progression of NAFLD, we analyzed myeloid cell populations using flow cytometry, immunofluorescence (IF), and mRNA from
the kinetic HFD study. We first assessed CD11b and F4/80
expression in CD45pos cells based on prior data that resident
KCs are F4/80hi, CD11bint, whereas the infiltrating monocytederived cells are CD11bhi, F4/80int (Schulz et al., 2012). The number of CD11bhi cells increased with time on diet, whereas the F4/
80hi cell number remained relatively constant (Figure 1F). Further
assessment of the CD11bhi population revealed that this cell
gate consists of several leukocyte populations including Ly6Chi
monocytes, Ly6Chi/MHCIIhi monocytes, Ly6Clo monocytes, eosinophils, neutrophils, and conventional dendritic cells type 2
(cDC2; Figure S1). The number of F4/80hi cells did not significantly change over time; however, there was a dramatic increase
in the number of TIM4neg macrophages in this gate (Figures 1F
and 1G). Mice fed a standard diet (STD) had a low percentage
of F4/80hi, TIM4neg cells (3%–11%), likely representing liver
capsular macrophages (Sierro et al., 2017), whereas by 24 weeks
of a HFD nearly 80% of the F4/80hi cells were TIM4neg (Figure 1G).
Although F4/80hi, TIM4neg cells began to appear by 8 weeks of a
HFD, the number of these cells increased dramatically around
16 weeks of HFD feeding and accompanied a significant
decrease in the number of TIM4pos KCs. At baseline TIM4 is expressed selectively on mature KCs in the liver and is absent from
MdMs or recently differentiated monocyte-derived KCs (MoKCs); therefore, these data suggested that monocyte-derived
cells were entering the F4/80hi ‘‘KC’’ gate during NASH (Beattie
et al., 2016; Scott et al., 2016).
To confirm that the changes in macrophage composition
detected by flow cytometry were reflective of macrophage
changes in the tissue, we performed mRNA and IF analysis
on liver tissue. At the mRNA level, Adgre1 (F4/80) expression
remained stable throughout the time course of a HFD until
24 weeks when it began to increase. In contrast, Timd4
(TIM4) expression decreased by the 24 week time point leading a substantial reduction in the ratio of Timd4 to Adgre1
(Figure S2). Similar findings were also seen with tissue imaging. CLEC4F staining co-localized with F4/80pos and TIM4pos
cells in STD-fed mice confirming that KCs are the primary
F4/80hi cells in the liver at baseline (Figure S2). After 24 weeks
of a HFD, TIM4pos and CLEC4Fpos cells were decreased in the

liver tissue and F4/80hi cells lacking these KC markers were
present. CLEC4F and TIM4 expression frequently co-localized
in HFD-fed mice suggesting that Mo-KCs (CLEC4Fpos, TIM4neg
) were rare at this time point (Figure S2). In summary, a
HFD induces a shift in the composition of F4/80hi, CD11bint
hepatic macrophages characterized by a decrease TIM4pos
KCs and a concomitant increase in the number of TIM4neg
macrophages.
TIM4neg Macrophages Are Monocyte Derived
The finding that F4/80hi, TIM4neg macrophages accumulate with
HFD feeding suggested that monocytes were entering the liver
and differentiating into hepatic macrophages or Mo-KCs.
However, the possibility that KCs might downregulate TIM4
expression in response to lipid stress could not be excluded.
To evaluate these possibilities, we utilized complimentary lineage tracing and fate-mapping approaches. First, we employed
CD115CreERRosa26TdTomato (TdT) mice, which allow for tamoxifen-inducible labeling of CD115 (CSFR1)-expressing cells. For
these experiments, mice were fed tamoxifen chow for 2 weeks
to activate the reporter in monocytes and macrophages (Figure 2A). Subsequently, the mice were placed on a chow diet
for 7 days for label washout (Bajpai et al., 2019)and a subset of
mice was harvested to assess the labeling efficiency. Approximately 80% of mature KCs were labeled using this protocol,
which was in stark contrast to Ly6Chi monocytes where <5%
of the cells remained TdT positive after washout (Figure 2B).
To assess influx of unlabeled monocyte-derived cells and to
evaluate the persistence of KCs, mice were placed on a STD or
HFD for 20 weeks after the tamoxifen induction. Consistent
with the long lifespan of resident KCs, the number of TdT-labeled
F4/80hi, TIM4pos cells remained constant in number and percentage over time in STD-fed mice (Figures 2B, 2E, and 2F). Although
there were a small number of F4/80hi,TIM4neg cells in the liver in
STD-fed mice, nearly all of these cells were TdT negative after
20 weeks indicating they had been replaced by unlabeled
cells. With HFD feeding, the percentage of F4/80hi cells containing TdT label decreased , consistent with the influx of unlabeled
monocyte-derived cells. The percentage of TdTpos,TIM4pos KCs
remained constant with a HFD despite a decrease in the total
number of TIM4pos cells (Figures 2E and 2F). The F4/80hi, TIM4neg
macrophages lacked expression of the reporter indicating that
the decrease in F4/80hi,TdTpos cells resulted from infiltration of

Figure 2. TIM4neg Macrophages in the Kupffer Cell Gate Are Monocyte Derived
(A) CD115-CreER mice were crossed with Rosa26TdT mice to for fate mapping. Male mice were fed tamoxifen (2 weeks) to induce labeling. After a 1 week washout
period, the mice were started on STD/HFD.
(B) Representative flow plots are shown for CD45+, singlet, live cells that were F4/80hi, CD11bint. TIM4pos (black) and TIM4neg (green) macrophages are shown,
and TdT expression was assessed (red).
(C) F4/80hi macrophages from Cre negative Rosa26TdT treated with tamoxifen for 2 weeks.
(D) TdT label present in Ly6Chi monocytes at 20 weeks.
(E) Percentage of TdT-labeled cells in the total F4/80hi gate (white bars); F4/80hi,TIM4pos (black bars); and F4/80hi,TIM4neg (gray bars) at baseline or following STD/
HFD.
(F) Quantitation of total (black dots) or TdT-labeled (red dots) TIM4pos and TIM4neg F4/80hi macrophages in the liver following the indicated diet interventions.
(G) The percentage of labeled ATMs (CD11bhi, F4/80hi, CD64hi) is shown in the left panel with the total number of labeled and unlabeled macrophages shown in the
right panel.
(H) Flt3-Cre;Rosa26TdT mice were fed a STD or HFD and percentage of labeled TIM4pos and TIM4neg macrophages cells was determined by flow cytometry.
All dots represent data from one mouse with the mean shown in the bar. The bar graphs represent the mean of the group. The data represent the results of three
independent experiments with n = 3–8 mice per groups. *p < 0.05.
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Figure 3. Transcriptional Profiling of Hepatic Macrophages during NASH
(A) CD45+, live, singlet cells were prepared and pooled together from 3 individual mice fed HFD for 16 weeks and the hepatic non-parenchymal cells were flow
sorted into CD11bhi, F4/80int (green gate) and F4/80hi, CD11bint (red gate) populations with removal of PMNs and eosinophils form the CD11bhi gate. The
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F4/80hi, TIM4neg cells that were unlabeled (i.e., monocytederived cells that appeared after the initial labeling). Together
these findings argue that the TIM4neg macrophages develop de
novo from monocytes and not via loss of TIM4 expression from
resident KCs. However, we cannot exclude that a TIM4neg
precursor cell from the liver could also give rise to these macrophages. The minimal dilution of TIM4pos, TdTpos cells by unlabeled cells during HFD feeding also argues that the majority of
the newly recruited MdMs do not become mature TIM4pos KCs
at this stage of disease.
To ensure that our flow-cytometry data were reflective of the
tissue, we also performed IF with antibodies to F4/80, CLEC4F,
and TIM4 in the CD115CreERRosa26TdT system. Nearly all of the
TIM4-expressing cells contained the TdT reporter (Figure S3).
However, F4/80pos cells that lacked TdT expression could be
readily identified in the livers of HFD-fed mice (Figure S3).
Although the majority of CLEC4F-expressing cells were also
TdTpos at this time point, there were some cells lacking TdT
expression, suggesting they were Mo-KCs. Although it is
possible that some Mo-KCs could have upregulated TIM4 during
the course of these experiments, and thus would not be discernable from Em-KCs in this experimental model, it is less likely as
TIM4 expression in Mo-KCs requires several weeks to months
(Scott et al., 2016).
We also analyzed adipose tissue macrophage (ATM) persistence using these same reporter mice. Similar to the liver,
70% of the resident ATMs were labeled with TdT following
tamoxifen feeding. Distinct from what was observed in the liver,
the number of ATMs increased with age in both STD- and HFDfed mice, and after 20 weeks the majority of these macrophages
lacked TdT expression (Figure 2G). Mice fed a HFD had a greater
increase in the number of ATMs over time, and the percentage of
TdTpos macrophages was even further diminished. These
findings indicate that most of the ATMs that arise from HFD
exposure do not come from the initial resident population, which
remained constant in number during this experiment. Thus, the
influx of monocyte-derived cells and maintenance of resident
macrophages with obesity is different in adipose tissue
compared to liver.
As a complementary method to assess the origin of hepatic
macrophages in the KC and TIM4neg pool, we employed a linage
tracing approach using Flt3-Cre; Rosa26TdT (Epelman et al.,
2014). Using this system, cells that arise from definitive hematopoiesis are labeled with TdT. At baseline, 25% of the TIM4pos
KCs were labeled with the reporter, which is consistent with prior
reports (Gomez Perdiguero et al., 2015; Scott et al., 2016). In the
mice that were fed a STD for 20 weeks, the number of labeled
KCs was similar to baseline (Figure 2H). In mice fed a HFD for
20 weeks, the number of TdTpos cells in the TIM4pos KC pool
was significantly increased compared to a STD, but the differ-

OPEN ACCESS

ence was modest (34% versus 27%, p = 0.007). Greater than
95% of the TIM4neg macrophages were TdTpos, confirming these
cells arise from definitive hematopoiesis. In concert, our
data from these two reporter systems confirm that the F4/80hi,
TIM4neg macrophages that accumulate in liver with a HFD are
of bone-marrow origin and rarely differentiate into fully mature
TIM4-expressing KCs at this stage of disease.
Defining Macrophage Heterogeneity during NASH
The increase in F4/80hi, TIM4neg MdMs suggested that monocytes were entering the liver to fill the partially opened KC niche
or as a response to liver damage or both. To investigate the heterogeneity of these cells and to gain insight into their biologic
function, we performed scRNA-seq on CD11bhi, F4/80int and
CD11bint, F4/80hi cells after 16 weeks of HFD feeding. The
data revealed several distinct clusters of myeloid cells including
monocytes (cluster 0; Ly6C2, Ccr2, Itgam/CD11b), dendritic
cells (cluster5; Flt3, Zbtb46, MHCII, Itgax/CD11c), and macrophages (clusters 1–3; MerTK, FcGR1a/CD64; Figures 3A and
3B). Cluster 4 consisted of cells with decreasing Ly6C and
increasing MHCII/CD11c suggestive of the transitional monocytes that appear with KC depletion in the normal liver (Figures
3A and 3B; Bonnardel et al., 2019). Within the macrophage populations, KCs were represented by cluster 3 (Timd4, Clec4F,
Marco, Cd163), whereas clusters 1 and 2 contained TIM4neg
MdMs (Figures 3B and 3C). The top 5 unique genes for each
cluster are shown as a heatmap in Figure 3C. Both cluster 1
and 2 had high expression of Trem2, a gene associated with
LAMs/NAMs (Jaitin et al., 2019; Xiong et al., 2019), whereas
the expression of this marker was low in KCs. There was also a
progressive increase in gene expression of other LAM/NAM
markers such as Cd9, Cd63, and Gpmnb from cluster 1 to cluster
2 macrophages. KCs did not express these markers to a significant extent. Thus, the previously described NAMs appear to
represent a newly recruited MdM population rather an alternative
activation state of KCs (Figure 3C). Although we did not have
scRNA-seq of liver macrophages from a STD for comparison,
we did perform qPCR on mouse livers at baseline and following
HFD feeding and observed increased expression of macrophage
markers associated with cluster 1 and 2 (Trem2, Gpnmb, and
Cd63) with a HFD (Figure 3D).
The TIM4neg MdMs from cluster 1 had higher expression of the
monocyte markers Cx3cr1 and Ccr2, whereas these markers
were lower in cluster 2 and absent from KCs. Thus, with a HFD
the F4/80hi KC gate noted on flow cytometry would be anticipated to contain not only resident KCs but at least two distinct
Trem2 positive MdM populations. Cluster 1 macrophages
appear to be a transitional macrophage subset with higher
expression of Cx3Cr1/Ccr2 and lower expression of Cd63,
Cd9, and Gpmnb, whereas cluster 2 cells have lower expression

remaining cells were pooled 1:1 to create the hepatic macrophage/monocyte subsets and the sample was subjected to 103 scRNA-seq. The cluster-based
t-SNE plot of the cell clusters is shown.
(B) Expression of the indicated genes as shown using t-SNE visualization.
(C) K means clustering analysis of the top 5 genes from each leukocyte population. TIM4neg macrophages are represented by clusters 1 (green) and 2 (blue),
whereas cluster 3 represents TIM4pos KCs (red).
(D) mRNA expression of genes associated with TIM4neg macrophages in liver tissue from mice fed a STD or HFD for 16 weeks. Bars represent the means, and
each dot represents a single mouse. The data represent the results of one independent experiment with n = 4–5 mice per groups. The p values are shown.
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Figure 4. TIM4neg Macrophage Subsets Accumulate with NASH and Form Macrophage Aggregates in the Liver
(A) Violin plots of macrophage markers in monocyte/macrophage clusters where the macrophages are clusters 1: Cx3cr1hi,Timd4neg (green), 2: Cx3cr1lo,Timd4neg (blue), 3: KCs (red).
(B) F4/80hi, CD11bint cells (too panels) assessing TIM4 and Cx3cr1 expression (bottom panels) from indicated conditions. The boxes indicate cells corresponding
to the clusters shown above.

(legend continued on next page)
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of Cx3Cr1/Ccr2 and higher expression of Cd63, Cd9, Gpmnb,
and Spp1. Importantly, GATA6 was not expressed in either
MdM population indicating that they were unlikely to originate
from the large subset of peritoneal macrophages. Recently,
macrophages with a gene-expression profile matching our cluster 2 cells were described as hepatic LAMs (Remmerie et al.,
2020). Therefore, to maintain consistency with previously utilized
nomenclature, we will refer to the Cx3cr1hi, TIM4neg cells and
Cx3cr1lo, TIM4neg cells as hepatic C-LAMs and LAMs, respectively. At the 16 week time point, very few TIM4neg, CLEC4Fpos
Mo-KCs were observed in the scRNA-seq analysis.
MdMs and Aggregate Formation in the NASH
To validate our scRNA-seq data, we leveraged the differential
expression Cx3cr1, LAM-associated genes (Gpmnb, and
Cd63), and classic KC genes (Timd4, Clec4F) in the macrophage
clusters 1, 2, and 3 (Figure 4A). Using Cx3cr1-GFP reporter mice,
we analyzed the composition of TIM4neg macrophages from
mice fed a STD or HFD for 16 or 24 weeks via flow cytometry.
As expected, KCs did not express the reporter at baseline or
following HFD. Although a slight shift was observed in the green
channel for KCs it was similar in STD, HFD, and GFPneg littermates indicating that this signal was the result of autofluorescence (Figure 4B). Consistent with the scRNA-seq analysis, the
F4/80hi, TIM4neg cells could be divided into reporter high and reporter low subsets (Figure 4B). We observed that with more time
on a HFD, the number of TIM4pos KCs decreased, and this was
associated with a further increase in TIM4neg macrophages.
Notably, a more pronounced expansion of TIM4neg, Cx3Cr1lo
cells was observed as TIM4pos KCs decreased, suggesting
some of these cells could be entering the niche vacated by
loss of resident macrophages (i.e., Mo-KCs). Flow-cytometry
data demonstrated that TIM4neg, Cx3cr1hi macrophages had
slightly lower expression of F4/80, higher expression of MHCII,
and intermediate expression of CD11c, a profile associated
with transitional macrophages (Bonnardel et al., 2019). TIM4neg
macrophages continued to have high expression of MHCII
irrespective of Cx3Cr1 expression level; however, CD11c
expression was lower in Cx3cr1lo macrophages (Figure 4C).
The TIM4neg, Cx3Cr1hi macrophages also tended to be smaller
and less granular than TIM4neg, Cx3Cr1lo cells, further suggesting they represent early MdMs (Figure S4A). Together these
data confirm the presence Cx3cr1hi and Cx3cr1lo TIM4neg macrophages that accumulate with the development of NASH.
To further validate these macrophage populations in tissue
and to assess their localization during the progression of NAFLD,
we performed IF imaging of livers from Cx3cr1gfp/wt mice. In mice
fed a STD diet, GFP-expressing cells were rarely seen in the liver
parenchyma/sinusoids where F4/80, CLEC4F double-positive
cells predominated (Figure S4C). GFPpos cells were evident in
the walls of the larger portal blood vessels and could also be
observed under the liver capsule (Sierro et al., 2017; Yona
et al., 2013). After HFD feeding, GFP-expressing cells were

OPEN ACCESS

abundant in the hepatic parenchyma, and many of these cells
also expressed F4/80, albeit less bright than KCs, and generally
had low expression of markers such as CLEC4F (Figure 4E).
GFPpos cells were most often located in macrophage aggregates
in association with F4/80hi, CLEC4Flo, GFPneg macrophages
(Figure 4C). The morphology of GFPpos cells varied from a small
round shape suggestive of monocytes to an elongated form that
was present in the aggregates (Figure 4E).
Based on the differential expression of MHCII between
C-LAMs/LAMs and KCs by scRNA-seq and flow cytometry, we
assessed expression of this marker in the tissue. MHCII expression was higher in hCLSs and macrophage aggregates
compared to CLEC4Fpos KCs (Figure 4E). The LAM/C-LAM
marker CD63 was also evaluated by IF. With the STD diet,
CD63 staining was not observed in the liver tissue (Figure S4).
However, with liver steatosis, CD63 positive cells were abundant
and were predominantly located in macrophage aggregates/
hCLS. CD63 staining was also observed in some GFPpos cells
and rarely observed in CLEC4F-expressing cells (Figure 4E). A
similar pattern was seen with staining for the LAM marker
Gpnmb, where no positive cells were observed with a STD, but
with a HFD a subset of macrophages expressing Gpnmb could
be identified within macrophage aggregates/hCLS (Figure 4E).
These data validate scRNA-seq analysis and reveal that
C-LAMs and LAMs preferentially localize in macrophage aggregates in areas of macrovesicular steatosis (Figure 4D).
The association of MdMs with cell aggregates and hCLSs was
reminiscent of macrophage structures that form in the adipose
tissue during obesity (Hill et al., 2018; Jaitin et al., 2019). We
therefore compared bulk RNA-seq data from TIM4neg, Cx3Cr1hi
macrophages to ATMs from HFD-fed mice. NASH KCs and STD
KCs were used as a comparator (Figure S5). Consistent with the
scRNA-seq data, the gene-expression profile of the incoming
TIM4neg, Cx3Cr1hi macrophages was enriched for genes
involved in lipid metabolism, matrix remodeling, and cell adhesion (Figure S5). Comparing the expression of previously published LAM markers (Jaitin et al., 2019) in TIM4neg, Cx3Cr1hi liver
macrophages and ATMs revealed strong similarities with
increased expression of Trem2, Spp1, Cd63, Cd9, and Gpnmb.
However, there were also several liver niche-specific genes that
distinguished liver macrophages from ATMs including expression of Id3, Nr1h3 (LXR), fatty acid binding protein 7 (Fabp7),
and Clec1b/CLEC2 (Figure S5). TIM4neg, Cx3Cr1hi macrophages
also had intermediate expression of Clec4f and Vsig4, but low
expression of Timd4, Cd163, and Marco. Together, these findings suggest that, as monocytes enter the liver, they receive
cues from the liver niche that drives expression of KC markers
and/or respond to inflammatory/lipid stimuli, which induce
expression of LAM genes. Based on these data, it is possible
that the transitional TIM4neg, Cx3Cr1hi macrophages represent
cells transitioning to LAMs and/or Mo-KCs. TIM4neg, Cx3Cr1hi
macrophages also share expression of a subset of genes associated with scar-associated macrophages (SAMs) from human

(C) Histogram of F4/80, CD11c, and MHCII on the indicated macrophage populations.
(D) IF analysis of F4/80 and Cx3cr1-GFP with lipid stain monodansylpentane (MDH). Arrows indicate aggregates around lipid droplets.
(E) Images of macrophage aggregates using IF to assess expression of markers identified in (A), including CLEC4F, MHCII, CD63, and Gpnmb.
The results are from three independent experiments n = 4–8 mice/group. Scale bars, 30 mm.
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Figure 5. Loss of Ccr2 Prevents Accumulation of C-LAMs with NAFLD
(A) Image of a macrophage aggregate stained for F4/80, CLEC4F, and Ccr2-GFP.
(B) Image of macrophage clusters from mice co-expressing Ccr2-RFP and Cx3cr1-GFP.
(C–F) Body weight (C), liver TAG (D), and serum ALT (E) from WT and KO mice fed a STD/HFD for 20 weeks. (F) ITT from WT or KO mice fed a HFD.

(legend continued on next page)
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cirrhosis (Cd9, Cd63, Lgals3, Spp1) further suggesting they may
be involved in tissue remodeling (Figure S5).
CCR2 Is Required for Accumulation of C-LAMs in NASH
CCR2 is chemokine receptor expressed on circulating monocytes that is required for their efficient recruitment to tissues.
Ccr2-deficient mice have reduced numbers of circulating Ly6Chi
monocytes and impaired monocyte entry into tissues. However,
resident macrophage populations are largely intact in these
mice. As TIM4neg macrophages are monocyte derived, we
sought to evaluate the impact of Ccr2 loss of function on these
macrophage populations during NASH. Ccr2-GFP knockin reporter mice were bred to generate mice that were wild-type
(WT), heterozygous, or KO for Ccr2. We first confirmed that
Ccr2-expressing cells localized to macrophage aggregates
and that Ccr2 and Cx3Cr1 expression identifies the same cell
population using Cx3cr1-GFP, Ccr2-RFP double reporter mice
(Figures 5A and 5B). To address the impact of Ccr2 deficiency
on liver phenotypes, mice were placed on a HFD for 20 weeks.
Despite conflicting reports in the literature regarding the impact
of Ccr2 deficiency on obesity/insulin resistance, we observed
similar weight gain, insulin tolerance, liver size, and liver TAG in
WT and Ccr2 KO animals (Figures 5C–5F). As anticipated, the
number of Ly6Chi monocytes in the liver was dramatically
reduced, and small changes in the DC number were observed
(Figure 5G; Figure S6). Analysis of the F4/80hi, TIM4neg macrophages in Ccr2gfp/wt was similar to Cx3cr1-GFP mice and revealed both Ccr2hi and Ccr2lo subsets (Figure 5H). Ccr2 KO
mice fed a HFD on the other hand displayed two distinct patterns
of macrophage accumulation. In 4/9 (44%) of mice, there was a
marked reduction in the total number of TIM4neg macrophages
(Figures 5H–5K, green symbols). However, in 5/9 (56%) of the
Ccr2 KO mice, Tim4neg macrophages were present in the liver
to a similar degree as WT mice (Figures 5H–5K, red symbols).
However, C-LAMs were reduced in number and percentage in
all Ccr2 KO mice (Figures 5J and 5K). The number of TIM4neg
macrophages was greatest in Ccr2 KO mice with more depletion
of TIM4pos KCs, suggesting some of these cells may have
emerged to fill a depleted KC niche. Thus, TIM4neg macrophages
can still appear in the livers of Ccr2 KO mice, yet C-LAMs are
dramatically decreased.
C-LAMs Are Required for the Formation of Macrophage
Aggregates in NASH
The consistent reduction in C-LAMs in Ccr2 KO mice allowed us
to evaluate the role of this transitional population of macrophages in the formation of aggregates and acquisition of the
LAM phenotype. To assess macrophage distribution and aggregate formation, liver tissue from HFD-fed WT and KO mice was
stained for GFP and F4/80, and the number of macrophage aggregates and aggregates containing GFP-expressing cells was
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quantified (Figure 6A). In mice with intact Ccr2, cell aggregates
were abundant, and the vast majority contained Ccr2pos
C-LAMs. In contrast, mice lacking Ccr2 had a significant
decrease in the number and size of macrophage aggregates,
and this was true even though the total number of F4/80hi cells
was similar (Figures 6A and 6B). In addition, this pattern was
consistent in all KO mice regardless of the number of TIM4neg
cells. Although rare, when aggregates were present in Ccr2 KO
mice, at least one Ccr2-GFP positive cell was present (Figure 6B).
Together these findings support the concept that C-LAMs not
only accumulate in macrophage aggregates but also play a
key role in their formation.
To further dissect the impact of Ccr2 deficiency on macrophage phenotypes in the liver tissue, we stained the tissue with
other markers of C-LAMs/LAMs including CD63 and Gpmnb.
As seen in Cx3Cr1-GFP mice, CD63 and Gpmnb-expressing
cells again localized to macrophage aggregates/hCLSs. In
contrast, the CD63 and Gpmnb-expressing cells were rare in
Ccr2 KO mice and no longer localized in aggregates (Figures
6C and 6D). Thus, loss of Ccr2 alters the number and organization of hepatic C-LAMs and LAMs in the liver tissue.
To determine whether C-LAM-like cells were present in the human liver, we performed IF on human liver samples from obese
patients undergoing bariatric surgery. Macrophages were detected using antibodies to CD68 and CCR2. Similar to mouse tissues, we were able to observe cell aggregates in the human liver
and these aggregates consisted of both CCR2pos and CD68pos
cells (Figure 6E). In addition, CCR2pos cells frequently interacted
with other macrophages to form cell aggregates. Together these
findings indicate that CCR2pos cells that resemble C-LAMs are
present in livers of humans with NAFLD.
Macrophage aggregation and hCLS formation have been
associated with tissue fibrosis in NASH. Moreover, CCR2 antagonists are currently being considered as an anti-fibrotic
strategy for patients with NASH (Lefere et al., 2020). Thus,
we hypothesized that impaired assembly of C-LAMs and
LAMs into macrophage aggregates would influence liver
fibrosis. Surprisingly, we observed a significant increase in
liver fibrosis in the Ccr2 KO mice. Most of the fibrosis was
noted in regions of abundant macrovesicular steatosis, where
aggregates and hCLSs tend to form (Figure 6F). These observations suggest that C-LAMs and LAMs in macrophage aggregates may play a protective role against NASH fibrosis
potentially via the containment and/or clearance of dead cells
or excess toxic lipids.
Ccr2 KO Disrupts hCLS Formation and Promotes
Fibrosis in a NASH Fibrosis Model
Our data from the HFD system demonstrated that MdMs
assemble into aggregates/hCLS, and this may be protective
against fibrosis. However, as a HFD induces a mild

(G) Ly6Chi monocyte counts in the liver.
(H) Flow plot of F4/80hi, CD11bint macrophages where red and green text indicate two phenotypes observed in Ccr2 KO mice.
(I) Quantification of indicated macrophage populations in WT and KO mice. The red and green symbols indicate the phenotype of the mice from (H).
(J and K) Quantification of C-LAM number as an absolute value (J) and as a percentage of the Tim4neg macrophages (K). Each dot represents an individual mouse,
and the bar reflects the mean.
The data represent three independent experiments with n = 3–17 mice/group. The p values are shown. Scale bars, 30 mm.
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Figure 6. Ccr2 Deficiency Leads to Reduced Macrophage Aggregate Formation and Increased Fibrosis
(A and B) IF images (A) of Ccr2 WT and KO mice stained for F4/80 and Ccr2-GFP and (B) quantification of macrophage aggregates, aggregate size, and number
with Ccr2-GFP-expressing cells.
(C and D) Images of macrophage aggregates from WT and KO mice stained for expression of CD63 (C) and Gpnmb (D).
(E) Liver tissue from humans with NAFLD stained with antibodies to CD68 (red) and CCR2 (green).
(F) Representative picrosirius red staining (PRS) of liver sections from WT and KO mice at low (top panels) and high power (bottom panels) with quantification of
PRS area (right plot). Each dot represents an individual mouse, and the bar reflects the mean.
The data represent two independent experiments with n = 6–8 mice/group. The p values are shown. Scale bars, 30 mm (A and C–E), 250 mm (F).
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inflammatory/fibrotic response, we aimed to strengthen our findings using the fructose, palmitate, cholesterol (FPC) diet, which
has been shown to induce more extensive liver inflammation
and fibrosis (Wang et al., 2016). After 16 weeks of FPC diet
feeding, there was no difference in body weight or liver size between WT and KO mice (Figures S7E–S7G). Similar to what was
observed in a subset of mice on a HFD, the number and percentage of total TIM4neg macrophages that accumulated in the livers
was similar in both genotypes. However, TIM4pos cells were
slightly decreased in the KO animals (Figures 7A and 7B). FPCfed Ccr2 KO mice also had a dramatic decrease in the number
of Ly6Chi monocytes and C-LAMs compared to WT animals (Figures 7A and 7B).
Although we observed few Mo-KCs in our scRNA-seq using
the HFD model, the progressive increase in TIM4neg, Cx3cr1lo
macrophages and decrease in TIM4pos KCs suggested that
both LAMs and Mo-KCs could reside in the TIM4neg, Cx3cr1lo
gate. To directly quantify Mo-KCs and to determine whether
they were differentially impacted by loss of Ccr2 in NASH, we assessed expression of CLEC2 and VSIG4 among the TIM4neg
macrophages (Scott et al., 2016). CLEC2 has been described
as a very early marker of Mo-KCs; however, it remains unclear
whether all CLEC2pos cells are destined to become Mo-KCs
(Tran et al., 2020). VSIG4 was used a KC marker instead of
CLEC4F to identify Mo-KCs as we found that antibodies against
this marker were superior for flow cytometry. However, using
Clec4f-Cre x RosaTdT animals, we confirmed that CLEC4F and
VSIG4 largely identify the same cells (Figure S7B). CLEC2 was
expressed on 95% of F4/80hi macrophages and a small subset
of Ly6Chi monocytes. Among the TIM4neg macrophages, VSIG4
was expressed on 65% of Ccr2lo macrophages and 10% of
Ccr2hi cells (Figure 7C; Figure S7A). Thus, with this diet model
50% of the TIM4neg macrophages were Mo-KCs. In Ccr2 KO
mice, the majority of TIM4neg cells expressed VSIG4 suggesting
that a greater percentage of MdMs were Mo-KCs (Figure 7C).
Together these findings demonstrate that (1) TIM4neg macrophages consist of C-LAMs, LAMs, and Mo-KCs that can be
distinguished by the expression of Ccr2 and VSIG4, and (2)
Ccr2 deficiency does not appear to impact the emergence of
Mo-KCs in NASH.
To evaluate the consequences of Ccr2 loss of function on
hCLS formation in this model, we performed IF. In WT mice,
hCLSs were abundant, whereas the number of these structures
was dramatically decreased in the livers of KO mice (Figure 7D).
The majority of hCLSs contained C-LAMS in both WT and KO
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mice, again suggesting an important role for these cells in aggregate formation (Figure 7D). Similar to previous reports (Remmerie et al., 2020), we found that antibodies for the LAM
markers Gpnmb and CD63 did not work well via flow cytometry.
Therefore, we again employed IF to assess the appearance and
distribution of Mo-KCs, C-LAMs, and LAMs in the liver. In WT animals, the majority of macrophages in hCLSs were negative or
weakly positive for CLEC4F expression; however, CLEC4Fhi
cells were occasionally incorporated into these structures (Figure 7E; Figure S7D). In KO mice, macrophage aggregates/hCLSs
were rare, and the staining for CLEC4F and F4/80 generally colocalized (Figure 7E). MHCII expression was again higher in macrophages within hCLSs, including some cells with higher levels of
CLEC4F expression (Figure 7E). This is consistent with our data
that Mo-KCs have higher MHCII expression compared to
TIM4pos KCs (Figure S7C). In Ccr2 KO mice, cells with high
expression of MHCII were present but no longer localized to
hCLSs (Figure 7E). The expression of the LAM marker CD63
again concentrated in hCLSs and was rarely seen outside these
structures or in CLEC4Fhi cells in WT mice. However, low-level
CLEC4F staining was present in some CD63pos macrophages.
In KO mice, CD63-expressing cells were sparse and no longer
localized to hCLSs (Figure 7E; Figure S7D). In addition, the
CD63 staining pattern in positive cells present in KO mice was
cytoplasmic and punctate, consistent with the known lysosomal
location of this tetraspanin (Pols and Klumperman, 2009). These
observations were confirmed with Gpnmb, which was also enriched in macrophages within hCLSs in WT mice and decreased
in Ccr2 KO mice (Figure 7E). Co-staining of tissue for Gpnmb and
CLEC4F revealed that these markers did not co-localize, in line
with the notion that hepatic LAMs and Mo-KCs are distinct
macrophage subsets (Figure 7E; Figure S7D). In summary, the
loss of Ccr2 decreases C-LAM and LAM number in the tissue
and prevents the appropriate assembly of these cells into
hCLSs.
To assess the consequences of disrupting MdM development
and hCLS formation on tissue fibrosis, we again performed PRS
staining to quantify tissue collagen. In line with the fibrogenic nature of FPC diet, the PRS area in WT mice was nearly double that
observed with a HFD (Figure 6F versus 7F). Like the HFD-fed
mice, the loss of Ccr2 resulted in increased fibrosis compared
to WT animals. Stellate cells are the primary collagen producing
cell in the liver (Mederacke et al., 2013). Given recent data suggesting that MdMs may reside in regions of stellate cell expansion (Remmerie et al., 2020) and our findings that tissue fibrosis

Figure 7. Ccr2 KO Mice Have Impaired Formation of hCLSs and Increased Fibrosis on a NASH Diet
(A) Flow-cytometry assessment of macrophages isolated from WT and KO mice fed FPC diet for 16 weeks. Images shown are gated on CD45+, F4/80hi, CD11bint
cells. The green box indicates C-LAMs.
(B) Quantification of the indicated macrophage subsets.
(C) Representative flow plot and quantification of VSIG4 staining for the indicated macrophage populations in WT (white bars) and KO mice (green bars).
(D) Liver sections were stained with antibodies to GFP and F4/80 to identify hCLSs (arrows). Quantification of hCLSs per high-powered field (hpf; top graph) and
percentage of hCLSs containing GFP-expressing cells (bottom graph) are shown.
(E) Imaging of hCLSs and macrophage subsets from WT and KO mice stained with antibodies against F4/80, CLEC4F, MHCII, CD63, and Gpnmb as indicated.
(F) Representative images of PRS imaging from WT and KO mice on FPC diet. Quantification of PRS area is shown in the right panel.
(G) IF montage of Ccr2-GFP, F4/80, and desmin. The orange line indicates the separation of a desmin-rich area (below) from more typical stellate cell distribution
(above).
The data represent two independent experiments with n = 5–6 group. The bars represent with mean and each dot is an individual mouse. *p < 0.05. Scale bars,
30 mM (D, E, and G) and 250 mm (F).
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was increased with loss of hCLSs, we co-stained for stellate cells
and macrophages. We found that C-NAMs/LAMs preferentially
formed hCLSs in regions of stellate cell expansion (Figure 7G).
Thus, our findings confirm that hepatic C-LAMs/LAMs appear
in regions of the liver with increased numbers of stellate cells
and assemble into hCLSs, events that appear to modulate liver
fibrosis during NASH.
DISCUSSION
NAFLD is a common complication of obesity; however, the
events that drive progression from simple steatosis to more severe inflammatory/fibrotic disease are not well understand. In
this study, we evaluated intrahepatic macrophage composition
in a mouse model of obesity with NAFLD and in a model of
NASH. The objectives of this study were to (1) characterize the
changes in recruited versus resident macrophages during
NAFLD and NASH, (2) define the heterogeneity and phenotypes
of these macrophage populations, and (3) assess the function of
these macrophage subsets in liver pathology.
Over the past decade, it has become increasingly apparent that
there are considerable differences in the origin, proliferative capacity, and biologic function between resident and recruited macrophages. In addition, tissue niche fosters the development of
unique macrophage programming. Understanding macrophage
heterogeneity in NAFLD and NASH is of particular interest for its
therapeutic potential. Resident KCs are generally identified by
their F4/80hi, CD11bint phenotype, whereas monocytes/MdMs
are CD11bhi, F4/80int. However, using markers that are more specific for KCs, including TIM4, CLEC4F, and VSIG4, we demonstrate that the composition of ‘‘resident’’ F4/80hi cells evolves
significantly during NAFLD progression. Specifically, the number
of TIM4pos KCs decreases while the number and percentage of
TIM4neg cells in this population increases. Using lineage tracing
and fate-mapping approaches, we verified that TIM4neg macrophages were indeed of monocyte origin and not a sub-population
of KCs that downregulate this receptor. These findings are consistent with results from a recent study using the methionine-choline
deficient model of NASH, which found that fatty liver was associated with a decrease in resident KCs and an increase in TIM4neg
macrophages (Devisscher et al., 2017).
In response to resident macrophage depletion, monocytes
can enter the liver and take on a KC phenotype (Bonnardel
et al., 2019; Sakai et al., 2019; Scott et al., 2016; van de Laar
et al., 2016). In addition, monocytes can be recruited in response
to tissue damage. In NASH, it is likely that both of these factors
drive the recruitment and promote functional heterogeneity of
MdMs. To understand the diversity of MdMs, we utilized single-cell and bulk RNA sequencing in conjunction with GFP reporter mice, flow cytometry, and IF. Together these assays
confirmed the presence of three major populations of TIM4neg,
F4/80hi MdMs that accumulate with a HFD. One subset expressed high levels of Cx3cr1/Ccr2 and Trem2, another subset
had lower expression of Cx3cr1/Ccr2 and progressively higher
expression of Trem2, Gpmnb, Spp1, Cd63, and Cd9, and the
third subset had higher expression of CLEC4F/VSIG4. The
expression of GATA6 was not observed in any of these subsets
arguing against a peritoneal/serosal origin of these macro-
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phages (Wang and Kubes, 2016). How do these macrophages
subsets align with other macrophage populations described in
NASH/obesity? Recently, a scRNA-seq analysis of hepatic
non-parenchymal cells in NASH described the presence of
Trem2pos and Trem2neg KCs during NASH (Xiong et al., 2019).
The Trem2pos KCs also expressed Gpmnb and Cd9 and were
referred to as NAMs. Although NAMs were initially thought to
represent KCs reprogrammed by the high-fat environment, our
data confirm that these macrophages are in fact MdMs. In addition, a subset of macrophages isolated from obese adipose
tissue, referred to as LAMs, also shares a similar gene-expression profile (Jaitin et al., 2019). The authors of this study also
proposed the existence of hepatic LAMs with obesity, which
was confirmed in a more recent publication that defined these
cells based on their expression of Spp1, Trem2, Cd9, Cd63,
and Gpnmb (Remmerie et al., 2020). To maintain consistency
within the field, we opted to refer to the three subsets of MdMs
we describe as hepatic C-LAMs, LAMs, and Mo-KCs.
The expression of Cx3cr1 and Ccr2 on C-LAMs suggests that
they represent monocyte-derived cells that have more recently
entered the liver. In line with this idea, C-LAMs also had slightly
lower expression of F4/80 and higher surface levels of MHCII and
CD11c, a phenotype recently described for monocytes progressing toward macrophage (Bonnardel et al., 2019). Of interest, C-LAMs also express the early KC marker CLEC2 but rarely
express VSIG4 or CLEC4F, markers of progressive KC differentiation. The TIM4neg, Cx3cr1lo macrophages included hepatic
LAMs and Mo-KCs, which could be distinguished via flow
cytometry based on the expression of VSIG4. However, tissue
imaging was required to positively identify LAMs in the liver as
antibodies to CD9, CD63, and Gpnmb had limited utility via
flow cytometry. Cx3cr1/Ccr2-GFP reporter mice were also leveraged to aid in the identification of macrophage subsets.
Although rare with STD, following HFD exposure Cx3cr1/Ccr2expressing cells were abundant in the sinusoids and frequently
localized to macrophage aggregates and hCLSs. Macrophages
expressing high levels of MHCII, CD63, and Gpmnb also localized to hCLSs. In contrast, the KC marker CLEC4F was usually
expressed at low levels on cells in the aggregates. Instead, the
CLEC4Fhi cells tended to remain in sinusoids as single cells or
as a single CLEC4Fhi cell within an aggregate. The CLEC4Fhi
cells rarely co-expressed markers of LAMs arguing that these
markers truly define distinct macrophage subsets. C-LAMs/
LAMs preferentially formed hCLSs around lipid droplets in regions of stellate cell expansion, and this observation is similar
to recent findings that hepatic LAMs tend to localize in stellate
cell-rich zones in the liver (Remmerie et al., 2020).
The presence of hCLSs is associated with the transition from
simple steatosis to NASH in both mice and humans (Itoh et al.,
2013). We utilized Ccr2 KO mice as a tool to gain insight into
the function of MdMs in NASH. Baseline KC number was not
impacted by loss of Ccr2, yet MdM composition was altered after HFD/FPC diet feeding. In the majority of KO mice TIM4neg
macrophage accumulation was similar; however, the C-LAM
and LAM populations were reduced. The bulk of TIM4neg cells
in KO mice were VSIG4pos Mo-KCs. These findings are consistent with previous data that Mo-KCs can repopulate the resident
niche independent of Ccr2 following KC depletion (Bonnardel
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et al., 2019). Together these data suggest that KC loss is one
trigger that promotes monocyte recruitment and Mo-KC differentiation during NASH; however, tissue damage and lipid accumulation may promote the recruitment and differentiation of
monocytes into C-LAMs and LAMs.
The reduction of C-LAM/LAMs in the Ccr2 KO model allowed
us to gain insight into the the role of these cells in the assembly of
hCLSs and whether these structures were beneficial or detrimental to tissue remodeling during NASH. The number and
size of macrophage aggregates and hCLSs were dramatically
reduced in Ccr2 KO mice. In addition, Ccr2-expressing cells
were present in virtually all macrophage aggregates, even in
the KO mice. Macrophages expressing LAM markers (high
MHCII, CD63, and Gpnmb) co-localized to hCLSs in WT mice
but were reduced in number and not a part of aggregates in
KO animals. Thus, monocytes recruited to areas of inflammation
may preferentially differentiate into C-LAMs/LAMs and assemble
into hCLSs. How C-LAMs regulate this process is not well understood. Although we cannot exclude a role for monocyte-derived
DCs in the Ccr2 KO system, the fact that macrophages are enriched in hCLSs coupled with the relatively small change in the
cDC2 numbers with Ccr2 KO argue against these cells as major
contributors. The Ccr2 KO system has its limitations in that it
does not allow for mechanistic studies of the specific roles
played by distinct monocyte-derived cells in hCLS formation,
which will require additional genetic models.
NASH ultimately culminates in liver fibrosis, which can progress to cirrhosis. Ccr2 KO mice had similar degrees of weight
gain, liver steatosis, and tissue damage but decreased accumulation of C-LAMs/LAMs and hCLSs. Therefore, we assessed the
impact of this shift in macrophage composition on tissue remodeling. Liver fibrosis was increased in Ccr2 KO mice in response to
a HFD or FPC diet, and the fibrosis was predominantly localized
to areas of macrovesicular steatosis, where hCLSs tend to form.
These results are intriguing as CCR2pos macrophages are
thought to be pro-fibrotic, and CCR2 inhibition has been proposed as a target of therapy for NASH fibrosis. However, the situation is made more complex by the fact that MdMs have been
associated with both profibrotic and antifibrotic pathways
following acute liver injury (Tacke and Zimmermann, 2014). In
fact, loss of Ccr2 has also been associated with increased
fibrosis following toxin-induced acute liver injury (Mitchell et al.,
2009). As pharmacologic CCR2 inhibition has been shown to
reduce tissue fibrosis, it is also possible that the timing of
CCR2 blockade could further influence macrophage composition and alter tissue remodeling (Lefere et al., 2020). Data from
obese adipose tissue have shown that disruption of LAMs/CLS
worsens metabolic disease. Similarly, in a model of Alzheimer
disease TREM2pos macrophage aggregates in the brain help
contain amyloid plaques (Jaitin et al., 2019; Ulland et al., 2017).
Thus, hCLSs may serve to contain and/or digest damaged areas
of liver, which could ultimately reduce fibrosis. Ccr2 deficiency
may also reduce the number macrophages with antifibrotic potential. Our findings are distinct from a previous study suggesting
that hCLSs are primarily formed by resident KCs (Itoh et al.,
2017). In this study, the authors also used an elegant CD169DTR system to deplete resident macrophages and demonstrated that hCLS formation was disrupted. However, C-LAMs
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also express Siglec1/CD169, and therefore this subset of macrophages would also be depleted. In addition, they report CD11c
expression on ‘‘resident’’ macrophages found in hCLSs. However, in our study, CD11c was most robustly expressed by C-LAMs
and was absent from resident KCs.
While this manuscript was under revision, three other papers
were published investigating macrophage heterogeneity during
NASH (Remmerie et al., 2020; Seidman et al., 2020; Tran et al.,
2020). Our findings are largely consistent with these studies
and, together, they all demonstrate that resident KCs are lost during NASH progression and MdMs cells enter the liver, where they
respond to niche-specific and inflammatory cues to become MoKCs or hepatic C-LAMs/LAMs. In Tran et al. (2020), all CLEC2pos
cells were referred to as Mo-KCs; however, they also observed a
significant number of CLEC2pos, VSIG4neg macrophages in the
liver during NASH. Moreover, RNA-seq of ‘‘Mo-KCs’’ in their
study revealed enhanced expression of genes found in
C-LAMS/LAMs, including Cx3cr1, Itgax, Gpnmb, Cd9, Trem2,
and MHC class II genes, suggesting that C-LAMs and LAMs
also may have been present among these cells. Our data are
also similar to the data in the study by Remmerie et al. (2020) in
that we found C-LAMs/LAMs express Osteopontin (Spp1) and
preferentially localize to regions of stellate cell expansion where
they form into hCLSs. Based on imaging and RNA-seq,
C-LAMs/LAMs and Mo-KCs appear to occupy the sinusoidal
niche and express early liver niche genes (Nr1h3/LXR, Id3,
Fabp7, and Clec1b/CLEC2). It is currently unclear what signals
specify macrophages to become a Mo-KC versus a C-LAM/
LAM, but it is attractive to speculate that stellate cells may
contribute to macrophage-fate decisions.
Understanding the transition of NAFLD to NASH has important
physiological and clinical implications. Macrophages contribute
to tissue remodeling and the response to injury, which are key
factors in the progression of fatty liver disease (Kazankov
et al., 2019). The results from the present study enhance our understanding of macrophage diversity in NASH. In contrast to
current dogma, our data demonstrate that resident KCs are
lost during the progression of steatosis to NASH and MdMs
begin to populate the liver. Within these recruited subsets,
C-LAMs and LAMs contribute to hCLS formation and modulate
liver fibrosis.
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RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Joel D. Schilling (schillij@wustl.edu).
Materials Availability
This study did not generate new unique reagents.
Data and Code Availability
Single cell RNA seq GEO: GSE162651, Bulk RNA seq GEO: GSE163003
EXPERIMENTAL MODEL AND SUBJECT DETAILS
In vivo animal studies
Wild-Type C57BL/6 male mice for the kinetic study were obtained from Jackson Laboratory. Flt3-Cre; R26tdTomato (Lavine et al., 2014),
Ccr2-GFP and RFP mice (C57BL6/J background) were obtained from Dr. Kory Lavine. Cx3cr1-GFP, CD115-CreER; R26tdTomato
(C57BL6/J background) were obtained from Dr. Gwendolyn Randolph. Clec4f-Cre mice were obtained from Martin Guilliams (Bonnardel
et al., 2019). Mice were bred in house and littermates were used in the Ccr2 WT versus KO studies. Mice of different genotypes were
mixed in cages to reduce confounding by microbiota differences. All mice were maintained under pathogen free conditions. The high
fat, high sucrose diet (HFD) containing 60% fat and 10% sucrose and was purchased from Research Diets (cat# D12492). The fructose,
palmitate, cholesterol (FPC) diet containing 1.25% cholesterol was purchased from Envigo (cat# TD.190142). All animal protocols were
approved by the Institutional Animal Care and Use Committee at Washington University School of Medicine, St. Louis. Male mice aged 812 weeks for used for all studies as female mice are protected from many of the high fat diet induced phenotypes.
Human samples
Liver tissue was obtained from patients at the time of bariatric surgery who are currently a part of an ongoing investigation of liver
metabolism with obesity (NCT003701828). All subjects provided written informed consent prior to sample collection. The study protocol was approved by the Human research Protection Office of Washington University School of Medicine, St. Louis, MO. We do not
have information available about the gender of the subjects.
METHOD DETAILS
GTT and ITT
For the ITT mice were fasted for 6h after which they were given 0.75U/kg of insulin (Humulin) via IP injection. Blood glucose levels
were obtained from tail vein blood at 30 min, 60 min, and 120 min using a glucometer. For GTT assessment, mice were fasted
16h and then given 2 g/kg body weight of 20% D-glucose (Sigma) via IP injection. Blood glucose levels were determined at baseline,
30 min, 60 min, and 120 min after injection using a glucometer.
Single cell preparation of adipose and liver tissue for flow cytometry
After mice were euthanized the abdomen was exposed and the portal vein was cannulated via using a Terumo Sur-vet Surflo IV catheter
(24G x 3/4 ’’). Blood was subsequently drawn from the IVC for a plasma sample. The liver was then perfused with PBS via the portal vein for
3 min at a flow rate of 5 ml/min. After perfusion the liver was removed and 1 g was used for preparation of single cell suspension. The liver
was minced and transferred to a tube continuing 15 mL of DMEM without serum, Collagenase D (1.6 mg/ml; Sigma) and DNase (50 mg/ml;
Sigma) and then incubated with gentle rocking for 30 min at 37 C. The liver extract was mashed through a 70-micron filter and then the cell
mixture was centrifuged at 50 rpm for 3 min to pellet the hepatocytes. The supernatant was then transferred to a new tube and centrifuged
for 7 min at 900 rpm and this pellet was resuspended in 5 mL of 35% Percoll (Sigma) and then carefully added to 70% Percoll and centrifuged at 2200 rpm for 20 min with the brake turned off. The cells from the Percoll interface were removed and mixed with 10 mL of
DMEM+10% serum and then the cells were pelleted. For liver analysis with FPC diet, a Percoll gradient was not employed. Adipose tissue
macrophages were isolated from perigonadal fat pads that were minced and digested as above and then pelleted in the FACS buffer (2%
BSA, EDTA in PBS). The cell pellets were then stained with Zombie Aqua (BioLegend) per manufacturer’s instructions to discriminate live/
dead cells. To prevent non-specific Fc binding, the cells were incubated with Fc Block (BD biosciences) for 10 min followed by the indicated antibody cocktail for 60 min in the dark on ice (CD45, CD11b, F4/80, TIM4, Ly6C, MHCII, CD11c). The samples were analyzed on a
BD X20 flow cytometer and analyzed using FlowJo software (Version 10.3; Tree Star Inc). See Figure S1 for the gating strategy.
Total RNA and qRT-PCR
A 50 mg piece of frozen liver was homogenized in Trizol and total RNA was isolated using a Purelink RNA mini kit (Invitrogen-Thermofisher). RNA was subjected to RT using a high capacity cDNA reverse transcription kit (Applied Biosystems). Real-time qRT-PCR was
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performed using SYBR green reagent (Applied Biosystems) on an ABI 7500 fast thermocycler. Relative gene expression was determined using the delta-delta CT method normalized to 36B4 expression.
Histology and Immunofluorescence
After perfusion, pieces of liver were placed in 10% neutral buffered formalin for 24h at 4 C followed by 70% ethanol and paraffin
embedding. The paraffin embedded blocks were stained with H&E and picrosirius red at the Digestive Disease Research Core Center
morphology core. Picrosirius red images were obtained at 4x with a Zeiss Akioskop brightfield microscope (average 10.8 ± 2.4 field of
view/mouse) and picrosirius red area was quantified blinded with ImageJ using manual thresholding.
For IF, liver was fixed in 10% neutral buffered formalin for 24h, followed by 24h incubation in 30% sucrose and embedded in Tissue-Tek O.C.T. compound (Sakura). Eight mm thick cryosections were cut and mounted on glass slides. Sections were post-fixed in
acetone/methanol (1:1) for 20 min at 20 C. Subsequently, sections were rehydrated for 5 min in water and washed 3 times with
PBS. After blocking and permeabilization with blocking buffer (1% bovine serum albumin (BSA), 0.3% Triton X-100 in PBS) for
45 min, sections were incubated overnight with primary antibodies diluted in blocking buffer. Following the incubation, liver sections
were washed 3 times with PBS and incubated with the appropriate secondary antibodies diluted in blocking buffer. Finally,
sections were incubated with Hoechst 33342 (ThermoFisher Scientific), mounted with ProLong Gold anti-fade reagent (Invitrogen-ThermoFisher), and covered with #1.5 coverslips. Human liver sections were processed as described above. Lipid droplets
were stained by monodansylpentane (MDH, Abcepta) using a similar staining protocol but without acetone/methanol fixation.
Images were obtained on a Zeiss LSM 700 laser scanning confocal microscope with 10x 0.3 N.A., 20x 0.8 N.A. objective or 63x oil
immersion 1.4 NA objective. Analysis of macrophage aggregates or hCLS was done by manual counting of the number of aggregates/hCLS, aggregate/hCLS size (total number of cells/aggregate) and presence of C-LAMs (Ccr2-GFP-positive cells) per field
of view acquired at 10x (average 11.1 ± 3.0 fields of view/mouse). A macrophage aggregate was defined by a minimum of three macrophages (identified by F4/80 and/or Ccr2-GFP positive staining) of which cell-to-cell contact was visible. Mature hCLSs were identified by a full ring structure formed by F4/80-positive and/or Ccr2-GFP positive macrophages.
Transmission electron microscopy (TEM)
FACS sorted liver macrophage populations were fixed in 2% paraformaldehyde/2.5% glutaraldehyde (Polysciences Inc., Warrington,
PA) in 100 mM sodium cacodylate buffer, pH 7.2 for 1h at room temperature. Samples were washed in sodium cacodylate buffer at
room temperature and postfixed in 1% osmium tetroxide (Polysciences Inc.) for 1h. Samples were then rinsed extensively in dH20
prior to en bloc staining with 1% aqueous uranyl acetate (Ted Pella Inc., Redding, CA) for 1h. Following several rinses in dH20, samples were dehydrated in a graded series of ethanol and embedded in Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut
with a Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc., Bannockburn, IL), stained with uranyl acetate and lead citrate,
and viewed on a JEOL 1200 EX transmission electron microscope (JEOL USA Inc., Peabody, MA) equipped with an AMT 8 megapixel
digital camera and AMT Image Capture Engine V602 software (Advanced Microscopy Techniques, Woburn, MA).
RNA sequencing
For single cell RNA sequencing (scRNA-seq) analysis of liver CD45pos cells from 3 mice fed a HFD for 20 wks were pooled and digested and isolated as described above. CD45pos, DAPIneg were sorted using a FACSAriaIII (BD Biosciences). The cells were prepared and resuspended at a final concentration of 103 cells/ml in PBS contain 0.04% BSA to minimize cell loss and aggregation.
Approximately 20,000 cells were portioned into nanoliter-scale Gel bead-In-Emulsion (GEMs) to achieve single cell resolution for
a maximum recovery of 10,000 individual cells. Utilizing the v2 Chromium Single Cell 3’’ Library Kit and Chromium instrument
(10X Genomics) poly-adenylated mRNA from an individual cell was tagged with a unique 16-bp 10X barcode and a 10-bp Unique
Molecular Identifier (UMI). Full-length cDNA was then amplified to generate sufficient mass for library construction. Enzymatic fragmentation and size selection were used to optimize cDNA amplicon size (400bp) for library construction. The final library is
sequence ready and contains four unique sample indices. The concentration of the 10X single-cell library was accurate determine
through qPCR to produce cluster counts appropriate for the HiSeq4000 platform (Illumina). Read lengths (26 3 98 nt) were generated
targeting 50,000 reads per cell.
For bulk RNA-seq, single cell suspensions were prepared from the liver as described above from Cx3cr1gfp/wt mice feed a standard
diet or HFD for 20 wks. Flow sorting was performed on an AriaIII cytometer and CD45pos, DAPIneg, F4/80hi cells that were either
TIM4pos (KCs) or TIM4neg; Cx3cr1pos (C-LAMs) were flow sorted into lysis buffer. RNA was isolated using microRNA isolation kit
(QIAGEN) according to manufacturer’s instructions. RNA quality and concentration were assessed using a bioanalyzer. The library
preparation and sequencing were performed at the Genome Technology Access Center (GTAC) at Washington University School of
Medicine. Briefly, the total cellular RNA was also prepared for RNA sequencing with the Clonetech SMARTer kit according to manufacturer’s protocols, ligated with adapters and unique molecular indexes for each sample for every read, and then sequenced on
one single-end 50bp lane on an Illumina HiSeq 3000. RNA-seq reads demultiplexed with Illumina’s bcl2fastq2 and were then aligned
to the Mus musculus Ensembl release 76 top-level assembly with STAR version 2.0.4b (Dobin et al., 2013). Gene counts were derived
from the number of uniquely aligned unambiguous reads by Subread:featureCount version 1.4.5 (Liao et al., 2014). Sequencing performance was assessed for total number of aligned reads, total number of uniquely aligned reads, genes detected and ribosomal
fraction, known junction saturation, and read distribution over known gene models with RSeQC version 2.3 (Wang et al., 2012).
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All gene counts were then imported into the R/Bioconductor package EdgeR and TMM normalization size factors were calculated
to adjust for differences in library size across all samples (McCarthy et al., 2012; Robinson et al., 2010). Ribosomal features as well as
any feature not expressed in at least two samples above one count-per-million were excluded from further analysis and TMM size
factors were recalculated to create effective TMM size factors. The effective TMM size factors and the matrix of counts were then
imported into the R/Bioconductor package Limma and weighted likelihoods based on the observed mean-variance relationship
of every gene and sample were then calculated for all samples with the voomWithQualityWeights function (Liu et al., 2015; Ritchie
et al., 2015). Performance of the samples was assessed with a Pearson correlation matrix and multi-dimensional scaling plots.
Generalized linear models were then created to test for differentially expressed genes. The results were then filtered for FDR adjusted
p values less than or equal to 0.05. The results were then filtered for FDR adjusted p values less than or equal to 0.05. Gene set enrichment method was used to enhance the biological interpretation of differentially expressed genes by the help of R/Bioconductor package Fgsea (https://bioconductor.org/packages/release/bioc/html/fgsea.html). Principal component analysis was performed on top
12,000 most expressed genes as a technique to visualize the variation present in the dataset.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using GraphPad Prism software. All results are expressed as means ± SE. For the comparison of
two groups with normal distribution a Student’s t test was employed. For analysis of genotype versus diet comparisons a 2-way
ANOVA was employed to assess for interaction. Group sizes and number of independent experiments can be found in the figure legends. A value of p % 0.05 was considered significant.
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